Objectives: Computed tomography (CT) has been used to measure body composition, however, a technique with reduced radiation exposure has not yet been introduced. This study tested a low-dose spiral CT technique on a phantom to determine its validity and reproducibility. The method was then applied for volume and distribution measurements in patients. Design: Construction and measurement of a phantom followed by measurement of patients referred to CT for clinical indications. Setting: Radiology Department, University Hospital. Subjects: Twenty-four post-gastrectomy patients. Intervention: A 22 cm phantom with a known amount of water and fat was scanned using high-and low-dose technique, standard and double table speed during a volumetric scan. The low-dose technique was implemented in the patient group. Total volume, total fat and four de®ned compartmental fat volumes in the truncal area were measured. Results: The mean fat volume measured using the low-dose CT technique in the phantom was 0.2% above the actual fat content. The coef®cient of variation for this method was 5%. By using low-dose, double speed instead of standard-dose technique, radiation exposure to the skin was decreased by more than 90% (equivalent to 4 mGy) of what is used in diagnostic imaging. The patient scans showed that no signi®cant differences in BMI and total measured volume existed between female and male patients, but percent fat and percent subcutaneous fat were signi®cantly larger in women (P 0.006 and 0.002, respectively), as were percent intraabdominal and mediastinal fat in men (P 0.002 and 0.003 respectively). Conclusions: Low-dose spiral CT accurately measures fat volume in vitro, and can be used in vivo for compartmental fat measurements.
Introduction
Obtaining measurements of body fat and its compartmental distribution in the abdominal area represents an ongoing challenge, especially since it has been identi®ed as a risk factor for medical conditions such as cardiovascular diseases (CVD) and metabolic disorders. The relationship between body fat distribution and various medical complications in men and women has been discussed in depth by numerous authors Kalkhoff et al, 1983; Larson et al, 1984; Ducimetiere et al, 1986; Stern & Haffner, 1986; Terry et al, 1989) . Although computed tomography (CT) is an excellent means of meeting this challenge (van der Kooy & Seidell, 1993) , the radiation exposure involved limits its ethical use. In patients obtaining a CT examination for clinical reasons, it is plausible that these scans can serve the dual purpose of diagnostic imaging and nutrition monitoring. For example, in gastrointestinal patients with nutritional complications or those with cancer cachexia who are undergoing CT examinations as part of a routine medical follow-up, additional analysis of the scans for body compositional changes could assist in clinical evaluation and future care planning, as well as offer insight into the effect of these illnesses on body stores of fat and fat-free mass, and vice versa. Development of a CT method that requires only a small percentage of the radiation exposure normally used for a diagnostic scan can potentially increase the applicability of CT to fat measurements of individuals who are suffering from fat related medical disorders, i.e. morbid obesity, CVD, insulin related disorders (Despre Âs et al, 1985; Bjo Èrntrop, 1990; Fujika et al, 1991; Martin & Jensen, 1991) , if the results will assist in optimising clinical management.
To our knowledge, spiral scanning technique in computed tomography has not yet been implemented for body composition measurements. Spiral CT is a volume data acquisition method in which the patient table is continuously travelling through the gantry while the X-ray tubedetector system rotates with a usual speed of one revolution per second (Kalender & Polacin, 1991) . In comparison to conventional, increment CT, spiral CT is less sensitive to motion artefacts and, because of the volume acquisition during breathing suspension, there is no misregistration due to different breathing levels.
The focus of this study was to develop a low-dose spiral CT method to measure compartmental fat distribution within the abdomen.
Subjects and methods

Phantom measurements
We measured a phantom with a total volume of 2580 ml including 900 ml fat enclosed in a round container (22 cm diameter) resulting in approximately 38% fat volume which is similar to that expected in humans. Two pipes ®lled with air simulating bowel loops were included in the model. The phantom was positioned in the CT gantry at a 10 angle from the axial plane to create the worst case scenario where partial-voluming effects are maximised. The fat±water border was in the middle of the two pipes. The entire phantom was scanned in the spiral acquisition mode on a Tomoscan AV spiral CT scanner (Philips Medical Systems, Eindhoven, The Netherlands) with the following parameters: (1) 10 mm slice thickness, 250 mAs (tube energy), 120 kV (tube voltage), 1:1 pitch (table speed in relation to the slice thickness), 10 mm reconstruction interval, no postprocessing; (2) same as (1) but 5 mm reconstruction interval; (3) 50 mAs, 1:1 pitch, 10 mm reconstruction interval; (4) same as (3) but smoothing (post-processing) algorithm applied; and (5) same as (4) but 2:1 pitch. The phantom was scanned ®ve times at each set of parameters, before each scan the position of the phantom on the CT table was slightly varied. Two researchers (PR, NM) independently determined the fat and total volume three times for all above mentioned scanning possibilities resulting in a total of 75 analyses per researcher.
Patient measurements
Twenty-four CT examinations, comprising 9 females and 15 males with a mean age of 60 y, were carried out. Physical characteristics (age, weight, height, body mass index) grouped by sex are provided in Table 2 . The patients were referred for follow-up to the CT department for pouch volumetrics after total gastrectomy for gastric cancer. They were part of an ongoing surgical study approved by the hospital ethics committee, and all patients signed an informed consent to participate. Due to the broad variability in the pouch position, we routinely obtained low-dose spiral CT scans with a tube current of 50 mA, starting at the tracheal bifurcation and continuing until the pelvis. This was required to locate the upper and lower anastomosis indicating the exact pouch position so that the second spiral scan, which used oral contrast material and standard-dose technique with 250 mAs per scan and narrow beam collimation, could be completed within one breathhold. The scanning param-eters used for the low-dose examination were 120 kV, 10 mm beam collimation, 2:1 pitch, and 10 mm reconstruction intervals resulting in a radiation exposure to the skin of 4 mGy.
Firstly, we obtained a scout view as a localiser in a posterior±anterior orientation. Spiral scan direction was from top to bottom, beginning with the lower edge of the tracheal bifurcation, a landmark that is easily detectable on the scout view. For comfort measures, all patients received a support underneath their knees and were placed feet ®rst so that their head did not have to enter the gantry. No intravenous contrast material was used. A total of 49 consecutive images were reconstructed from the spiral CT raw data.
We used a soft reconstruction kernel and a ®eld-of-view (FOV) of 420±480 mm with an image matrix of 5126512 pixels resulting in a theoretical spatial resolution of 0.82± 0.94 mm per pixel. The 49 reconstructed images were networked to a Macintosh Power-PC via Ethernet. The image format was compatible with the international ACR-NEMA/DICOM 3 standard format for image transfer. Images were analysed using the software Image (NIH, Bethesda, USA). A smoothing algorithm was applied to further reduce image noise. To determine the lowest and highest pixel value for fat, a total of nine region-of-interest (ROI) measurements were done: three in the subcutaneous region, three in the omental fat and three within the retroperitoneal fat. The total fat (TF) was calculated from the area of fat within the patient-speci®c pixel values. The regional fat distribution was de®ned as follows: The term fat is used in this paper to describe the adipose tissue that is measurable with CT, rather than pure triglyceride volume. Using a PC-mouse, lines were drawn to separate the different fat compartments on each slice. The area containing density values within the previously determined individual pixel ranges for adipose tissue was then measured. The total area, which included fat and fat-free mass, was measured by using the lowest pixel value for fat density and the upper threshold of 4096 HU (Houns®eld Units), the highest value of the scanner. Air was intentionally excluded because it does not contribute to total body mass. All volumes were calculated by multiplying the area of the pixel anlayses [cm 2 ] by the applied slice thickness (10 mm). No additional formulas were necessary since one slice already represented the average of the examined volume. Results from all slices were summed.
We measured patient height with a standiometer in centimetres and current weight with a Seca digital scale (accurate to 0.01 kg). Body mass index (BMI) was calculated as current weight
].
Statistical analysis
Data management and analysis were carried out with Microsoft Excel 4.0 and SPSS . The Wilcoxon non-parametric test for unpaired samples was applied to compare characteristics and measurements of female and male patients. Patient results are expressed as mean AE 1 s.d. The difference between high-dose and low-dose technique were analysed with a t-test for independent samples. Mean volume in the phantom measurements as well as the standard error of the mean (s.e.m.) and coef®cient of variation (CV) for total fat in each technique were calculated. Abdominal CT values are expressed as absolute volumes [litres] and percentages, where the total fat percentage equals the total fat volume divided by the total Low-dose spiral computed tomography P Rogalla et al volume (TF% TF/TV), and all compartment volumes are expressed as percentages of the total fat volume. The intra-observer variability was calculated from the s.d. for each measurer divided by the mean obtained value for each scan method. All phantom measurements are calculated from results of both measurers (namely, 30 values per scan method). Table 1 displays the actual and the measured volumes obtained through the various CT techniques. The fat content measured using the technique with the least radiation exposure (50 mA, 2:1 pitch, 10 mm slice thickness) was 0.2% above the actual content. An underestimation of the total volume lead to a too high calculation of fat percentage with the low-dose technique and double table speed. The different techniques showed a CV ranging between 1.6% and 5% as shown in Table 1 . Comparison of the measurements from the technique with highest radiation (standard CT) with that of lowest radiation with smoothing showed no signi®cant difference and a 1% difference in the CV.
Results
Phantom study
Information regarding variation of the mean measured values is also included in Table 1 . Determination of intrameasurer variability revealed a CV ranging from 3.76± 5.47% (mean 4.54%) for TF and 1.07±2.22% (mean 1.43%) for TV, for measurer 1 and 1.66±3.06% (mean 2.59%) for TF and 1.19±2.71% (mean 1.85%) for TV, for measurer 2.
Patients
Physical characteristics of the patients are listed in Table 2 . There was no signi®cant difference between men and women in BMI or mean total volume of the scanned area. Sex speci®c volumes for compartmental fat areas and fat percentages for all patients, as well as separately for men and women, are also provided in Table 2 . Although the BMI was similar in men and women, the mean fat percentage was signi®cantly larger in women (41.2 AE 9.6 vs 28.3 AE 7.7, P 0.006).
Of the compartmental volumes, the subcutaneous fat percentage and the absolute subcutaneous volume were signi®cantly larger in women than men (P 0.001 and P 0.008, respectively). Men, on the other hand, carried a signi®cantly larger percentage, although not absolute amount, of their body fat in the intraabdominal (P 0.002) and lower anterior mediastinal (P 0.003) areas. Neither the percentages of MS fat, nor the absolute volumes for all remaining measured areas differed signi®-cantly between women and men.
In addition to sex differences, there was also substantial variability among individuals of the same sex, who had similar weight, height, subcutaneous volume and total volume, with respect to compartmental fat volumes and fat percentages.
Discussion
Much research has been conducted to evaluate the use of computed tomography as a tool for body fat measurements. As far as we know, this is the ®rst study that implemented a low-dose spiral CT techniques for fat volume determination and validated this technique in a phantom model. Results of the phantom measurements showed that spiral CT is capable of accurately measuring fat volume, however, human scans, especially those acquired with low-dose spiral technique, differ from phantom scans in the extent of noise and partial voluming which necessitated post-processing. We carried out a smoothing algorithm on all patient scans which visibly improved the distinction between fat and non-fat tissue, however, did not effect an accurate calculation in the phantom.
Even when taking into consideration that this was a small post-gastrectomy, underweight patient group, of interest still remained the similarity in BMI and total volume despite the large difference in total fat volume and the signi®cant difference in total fat percentage and fat distribution patterns. A noteworthy aspect regarding similarities in individuals with respect to total and subcutaneous volume, weight and height, amidst differences in the other fat compartments is that these differences would remain undetected by methods that estimate total fat volume based on subcutaneous fat.
Considering the amount of weight lost which is then often partially regained in patients such as these gastrectomy patients, this CT technique could serve as a valuable tool in observing where fat would be replaced once weight is regained and to compare measurements throughout weight loss to see which compartments are ®rst to be affected. Another plausible topic for investigation is the Low-dose spiral computed tomography P Rogalla et al clinical impact of variability in fat distribution, especially that which occurs between individuals of the same sex. Many studies have been conducted to determine the optimal technique for total and regional body fat measurements in normal volunteers. In addition to the traditional methods such as bioelectrical impedance analysis (BIA), hydrostatic weighting, skinfold measurements, and anthropometric ratios, all imaging modalities, namely ultrasound (US), computed tomography (CT), dual-energy X-ray absorptiometry (DEXA) and magnetic resonance imaging (MRI), have also been evaluated and compared for accuracy and predictive value (Ro Èssner et al, 1990; Ross et al, 1991; Sohlstro Èm et al, 1993; Terry et al, 1995) . Calculations of body composition as determined through anthropometric methods in conjunction with standardised equations founded on healthy populations, is likely to be inaccurate in the estimation of the total and regional body fat in patients who have an abnormal hydration status or suffer from any disease that is consistent with altered body composition (Simons et al, 1995) .
The requirements for an ideal modality to assess body fat distribution may be summarised as follows:
Ðno radiation exposure, Ðnon-invasive Ðvalid and reliable, Ðusable in all body sizes and conditions, Ðbroad availability, Ðcost and time effective Ðlow measurer variability Currently, only US and MRI can provide image information for fat measurements without applying radiation. However, there are some drawbacks in both modalities that preclude their general use until further technical developments are achieved (Seidell et al, 1990; Gerard et al, 1991) . US has no de®nite, de®ned slice orientation, and acoustic waves are re¯ected from interfaces between air and solid tissue so that fat measurements inside the abdominal cavity are substantially effected by the amount of bowel gas. However, it has proven useful in noninvasively calculating the subcutaneous fat thickness which, in conjunction with predictive equations, might provide a valid estimation in healthy individuals (Weits et al, 1986) . MRI is developing as an all-encompassing, increasingly available modality. A large disadvantage is the narrow scanning tube in many scanner designs which limits its use in severely obese individuals. Approximately 2±5% of all patients are claustrophobic and, as a result of this, cannot be examined by MRI. However, with the recent advent of an open scanner design, claustrophobia and obesity may no longer be hindrances. Studies have demonstrated that the comparatively high amount of artefacts in MRI is still a predominant problem (Fowler et al, 1991) . Furthermore, the ®eld-of-view along the longitudinal axis of the patient in which the magnetic ®eld is homogeneous is limited to only 45 cm in most scanners, some new devices provide a FOV of 50 cm. This renders a scan of the entire abdomen with homogeneous signal intensity of fat to be dif®cult.
In a comparison study between MRI and CT, Seidell et al, 1990 , concluded that MRI might not be an accurate method for determining absolute adipose-tissue volume, rather the ranking of adipose-tissue area showed a stronger relation. A most recent study (Abate et al, 1997) reporting to scan the entire abdomen with MRI is dif®cult to draw into the discussion because the method of differentiation between the indicated anatomical fat compartments (namely, intraperitoneal and retroperitoneal) and the abdominal distance scanned were not stated.
Conventional¯uoroscopy with DEXA may be used to estimate composition of soft tissue. However, by assuming a constant mineral to lean tissue relation, fat estimates in patients with reduced bone mineral is overestimated (van der Kooy & Seidell, 1993) . DEXA also does not permit calculations of compartmental fat distribution (Jensen et al, 1995) because it is a simple projection technique.
In light of the above information, CT is increasingly referred to as the`golden standard' for body composition measurements (Busetto et al, 1992; van der Kooy & Seidell, 1993; Terry et al, 1995) . Due to the unmistakable density difference between fat and other body tissues, changes in water content do not disturb CT detection of fat and allows the differentiation of adipose tissue from lean body mass. However, the disadvantages of CT must also be discussed, of which the most signi®cant is radiation exposure. The quantity of radiation exposure not only depends on the number of slices obtained, but also the energy used, calculated as the mA value multiplied by the scan time for one slice. For example, a previous incremental CT study used 110 mA at 3.5 s scan time per slice (Sobol et al, 1991) , amounting to 385 mAs per slice. An earlier used six slices with a tube energy of 690±2250 mAs (Baumgartner et al, 1988) . A signi®cant limitation of prior CT studies is that due to the incremental, high-dose scanning technique, the number of slices had to be limited and predictive equations had to be used to estimate the absolute fat volume. A dif®culty of implementing the predictive equation based on single CT slices is that the suggested slice location through the lower abdominal/ pelvic region (vertebra L4), lies in the vicinity of the female reproductive organs. Furthermore, such equations are dependent on assumptions of body fat distribution in a healthy population and may be misleading in nutritionally compromised patients. Finally, a fundamental problem inherent in all techniques used to determine the amount and distribution of adipose tissue in the living human being is the dif®culty in validating the results. We attempted to confront this problem through use of a phantom.
Volumetric acquisition which is synonymous with spiral scanning requires a spiral CT unit. Spiral scanning can circumvent the disadvantages of incremental scanning on a conventional CT scanner. Examining the patient with spiral CT requires less than 5 min, although the actual scanning time using modern equipment is less than 1 min. The capital cost for a spiral scanner surpasses that of conventional equipment, however as an updated technology the spiral scanners are gradually replacing conventional units. Volume data acquisition is less sensitive to motion artefacts from breathing. This is relevant in patients who have undergone surgical procedures and have dif®culty holding their breath. Many studies have shown that the sensitivity pro®le in spiral CT is less sharp than that of incremental CT but does not lead to diagnostic information loss (Polacin et al, 1992; Korobkin, 1994; Silvermann et al, 1995) .
Based on this information, our focus was to compare and validate both standard-and low-dose spiral CT for fat measurements in a phantom and to apply low-dose spiral Low-dose spiral computed tomography P Rogalla et al CT in a clinical setting to evaluate whether we obtain acceptable image quality for total and compartmental fat volume determinations. A noteworthy disadvantage of using low energy was the increased image noise (Polacin et al, 1992) . This can be extensive enough to cause faulty identi®cation of anatomical details. Principally, the spatial resolution is independent of radiation amount, thus independent of image noise. But when the range of CT values becomes too large, even pixels within solid organs such as the liver may be included in the fat measurements. Generally, noise can be reduced at the expense of spatial resolution. Since this study did not require a high extent of spatial resolution, we reduced the image noise by applying a smoothing algorithm. The fact that doubling the table speed lead to an underestimation of the total phantom volume can be explained by the increasing anatomical distortion which occurs parallel to increasing table speed. This leads to widening of the slice sensitivity pro®le (Polacin et al., 1992) which impedes boundary detection on tissue interfaces due to pronounced partial voluming effects. However, the validation study allows the results of the low-dose technique to be accepted as a reasonable compromise in exchange for the accomplished halving of radiation exposure.
In the literature, the mean values AE 2±3 s.d. were used to determine the range of attenuation values that represent human fat tissue (Jensen et al, 1995) . Due to the increased noise in low-dose CT, the s.d.-method, in comparison to the use of the lowest and highest values obtained in the nine ROIs, left some pixels excluded. As a result, the selection was made to implement the method using the max/min values. We found that not only the upper limit but also the lower limit is critical for accurate fat classi®cations. Since these limits vary depending upon the patient, we selected the fat range that characterised each patient. The advantage of adjusting ranges for every individual was also recognised by Seidell et al (1990) .
As opposed to Jensen et al (1995) , we found a difference in the attenuation value between the subcutaneous and intraabdominal fat. This might be explained by continual technical developments that have resulted not only in improved spatial resolution (2566256 pixel image matrix vs 5126512), but also in markedly improved grey-scale resolution. Thus, the difference in attenuation values we detected was due to partial volume effects of the vessels which are in®ltrated in the mesenterium, that increased average CT values.
Conclusions
To our knowledge, this phantom study is the ®rst to validate spiral CT as a method to accurately measure fat volume. The low intra-observer variability supports the reliable implementation of this method. Low-dose spiral CT represents an excellent means to determine the body fat distribution in patients who are monitored by CT for medical reasons. Such knowledge is useful for monitoring high nutritional risk patients and for medical interpretations of the disease risk associated with fat distribution. The radiation exposure of the technique developed here ranges between 5% and 10% of that used for a standard abdominal CT. However, since 49 slices are analysed, this technique is time consuming.
Further studies using this technique in order to document nutritional status pre-and post-medical interventions, for monitoring purposes or to evaluate the performance of comparable surgical procedures can help broaden our understanding of the association between medical conditions and patterns of body fat distribution. Also, further comparison might be made with healthy volunteers or other established anthropometric methods for body composition analysis.
